Introduction {#s0001}
============

Hepatocellular carcinoma (HCC), one of the most common and fatal tumors, is the leading cause of malignancy-related deaths worldwide, especially in China.[@cit0001],[@cit0002] Hepatitis B/C virus infection, cirrhosis, smoking, diabetes, and alcohol abuse are the major reasons for the increasing occurrence rates of HCC.[@cit0003] At present, surgical resection is the best treatment strategy for HCC.[@cit0004] However, the outcomes of patients with HCC remain unsatisfactory due to late diagnosis, distant metastasis, and high recurrence rate.[@cit0005]

Traditional Chinese medicine (TCM), a hot spot for tumor treatment, has several advantages, and has been widely used for the treatment of diverse cancer types in China.[@cit0006],[@cit0007] For example, Jiedu Sangen Decoction, which has been used in the treatment of colorectal cancer (CRC) for over 50 years, has the ability to suppress the migration and invasion of CRC cells.[@cit0008],[@cit0009] In addition, TCM has been long applied for the treatment of HCC. Besides, transcatheter arterial chemoembolization combined with JDF was shown to improve the prognosis of patients with HCC.[@cit0010] Jie-du Recipe has also been shown to prolong the survival of patients with HCC and prevent recurrence.[@cit0011] Xiaoai Jiedu Recipe (XJR) is an effective anti-cancer drug that has been long used in clinical practice under the guidance of Professor Zhongying Zhou of Nanjing University of Traditional Chinese Medicine. Zhou et al found that treatment with XJR increases short-term clinical efficacy, reduces the toxicity of chemotherapeutic drugs, and improves the quality of life of patients with advanced cancer.[@cit0012] In addition, Shi et al showed that XJR treatment decreased tumor volume and weight in colon cancer-bearing mice.[@cit0013] Furthermore, Chen et al demonstrated that XJR treatment significantly inhibited the growth of H22-transplanted tumors and promoted cell apoptosis in mice.[@cit0014] However, the specific therapeutic effects of XJR on HCC cells in vitro and the underlying mechanisms are not yet fully understood.

MicroRNAs (miRNAs) are a class of small non-coding RNA molecules that play important roles in the pathogenesis of HCC.[@cit0015] miR-29a is a potential diagnostic and prognostic biomarker of HCC.[@cit0016] Mahati et al demonstrated that miR-29a is down-regulated in HCC tissues and cells, and overexpression of miR-29a inhibits tumor growth and migration in HCC.[@cit0017] Additionally, Zhang et al showed that low expression of miR-29a is associated with tumor size and vascular invasion, and overexpression of miR-29a suppresses HCC cell proliferation, colony formation ability, and cell cycle progression.[@cit0018] Notably, an miRNA expression profile of H22-bearing mice showed that XJR treatment significantly up-regulated the expression of miR-1298-5p, −874-3p, −721,-298-5p, −551b-5p, −346-5p, and −105, and down-regulated that of miR-24-3p, −3963, −127-3p, −434-5p, −1187, −468-3p, −221-5p, and −6695-5p.[@cit0019] Our pre-experiments proved that miR-29a expression was up-regulated by XJR treatment. However, the underlying mechanism by which XJR regulates miR-29a expression in HCC remains unclear.

Signal transducer and activator of transcription 3 (STAT3) is a key signaling molecule involved in malignant transformation.[@cit0020] STAT3 is usually activated in HCC, and silencing of STAT3 has been considered as a therapeutic strategy for HCC.[@cit0021] Zuo et al showed that treatment with LLL12, a small inhibitor targeting STAT3, inhibited the proliferation and induced the apoptosis of HCC cells in vitro, as well as inhibited the growth of SNU398 xenografts in mice.[@cit0022] Furthermore, Jung et al showed that C188-9, a novel small-molecule STAT3 inhibitor, exhibits anti-tumor roles in HCC in vitro and in vivo.[@cit0023] In addition, STAT3 is a known target of miR-29a in retinoblastoma and nasopharyngeal carcinoma.[@cit0024],[@cit0025] However, the regulatory relationship between miR-29a and STAT3 in HCC remains unclear.

In this study, the therapeutic effects of XJR on HCC cells and tissues and the underlying mechanism involving miR-29a/STAT3 were analyzed. Our findings provide insights into the anti-tumor role of XJR and may help in the development of a potential therapeutic strategy for HCC.

Materials and Methods {#s0002}
=====================

Patients {#s0002-s2001}
--------

A total of 40 patients with HCC and 40 normal volunteers were recruited at Kunming Municipal Hospital of Traditional Chinese Medicine. The clinical characteristics of all recruited patients are listed in [Table 1](#t0001){ref-type="table"}. This study was approved by the Ethics Committee of Kunming Municipal Hospital of Traditional Chinese Medicine and conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all patients. Table 1The Clinical Characteristics of HCC Patients and Healthy ControlsFeaturesHealthy ControlHepatomaP value**Age**49.13 ± 12.4649.36 ± 13.48 ≤5022190.5022 \>501821**Gender** Male25240.8158 Female1516**Pathological type** Hepatocellular carcinoma--22 Cholangiocarcinoma--18**Hepatitis type** Hepatitis A--15 Hepatitis B--13 Others--12**Lymph node metastasis** No--22 Yes--18**TNM stage** I--II--19 III--IV--21

XJR Preparation {#s0002-s2002}
---------------

XJR, containing *Hedyotis diffusa* (20 g), Shanshi mushroom (10 g), *Ophiopogon japonicus* (12 g), *Pseudostellaria heterophylla* (15 g), August sturgeon (12 g), stiff silkworm (10 g), and pupae (3 g) was purchased from Bozhou Traditional Chinese and Western Medicine Co., Ltd. (Anhui, China). XJR was identified by a professor in the School of Pharmacy of Nanjing University of Traditional Chinese Medicine according to the 2015 edition of the Pharmacopoeia of the People's Republic of China. XJR was concentrated to 2.0 g/mL and stored at 4°C.

Animals and XJR-Containing Serum Preparation {#s0002-s2003}
--------------------------------------------

Male BALB/c (nu/nu) mice (4--5 weeks old, 20--24 g) were purchased from Guangdong Provincial Medical Laboratory Animal Center (Guangdong, China). Mice were maintained under sterile specific pathogen-free conditions at 25°C with 55% humidity and 12 h light/dark cycle, and had free access to water and food. After one week of adaptation, mice were randomly divided into four groups and administered different doses of XJR by gavage for four days continuously: high-dose (HD, 20 g/kg) group, medium-dose (MD, 10 g/kg) group, low-dose (LD, 5 g/kg) group, and blank group (normal saline). Two hours after the last administration of XJR, mice were anesthetized using sodium pentobarbital (50 mg/kg), and the blood in the common carotid artery was collected. The serum (XJR-containing serum) was separated by centrifugation and filtrated through a 0.22 μm filter.

Cell Culture and Treatment {#s0002-s2004}
--------------------------

The human normal liver cell line LO2 and the HCC cell lines, HepG2, MHCC97H, Huh7, Bel7402, MHCC97L, and Hep3B (ATCC, Manassas, VA, USA) were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS; HyClone, USA), 100 U/mL penicillin (Gibco, USA), and 100 mg/mL streptomycin (Gibco) at 37°C with 5% CO~2~. The medium was replaced every two days and cells were used for further experiments after reaching over 80% confluency. To explore the effect of XJR on HCC cells, cells were incubated with XJR-containing serum.

Cell Transfection {#s0002-s2005}
-----------------

miR-29a mimics, miR-29a inhibitor, mimics NC, inhibitor NC, small interfering RNAs (siRNAs) against STAT3 (siSTAT3-1 and −2), and si-NC were all obtained from GenePharma (Shanghai, China). Cell transfection was performed using Lipofectamine 3000 (L3000015; Thermo Fisher Scientific) according to the manufacturer's protocol.

Luciferase Reporter Gene Assay {#s0002-s2006}
------------------------------

TargetScan ([<http://www.targetscan.org/>]{.ul}) was utilized to predict the binding sites between miR-29a and STAT3. The fragment carrying the binding site was cloned into pGL3 vector (Promega, Madison, WI, USA) to generate a STAT3 wild-type (WT) construct. Similarly, the fragment with the mutant binding site was cloned into pGL3 vector to generate a STAT3 mutant (MUT) construct. HCC cells were then co-transfected with miR-29a mimics or mimics NC and STAT3 WT or MUT using Lipofectamine 3000, according to the manufacturer's instructions. At 48 h post transfection, relative luciferase activity was measured using the luciferase reporter assay system (YPHBio, Beijing, China).

RNA Pull-Down Assay {#s0002-s2007}
-------------------

miR-29a (Bio-miR-29a-WT) and miR-29a mutant (Bio-miR-29a-MUT) were biotinylated using Biotin RNA Labeling Mix (Roche, Basel, Switzerland) and T7/SP6 RNA polymerase (Roche). The cell lysate was incubated with Bio-miR-29a-WT or Bio-miR-29a-MUT for 1 h, followed by incubation with Streptavidin agarose beads (Invitrogen, Carlsbad, CA, USA) for another 1 h. The eluants were then subjected to quantitative real-time polymerase chain reaction (qRT-PCR).

qRT-PCR {#s0002-s2008}
-------

Total RNA was extracted from cells using the TRIzol Plus RNA Purification kit (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturers' protocol. Reverse transcription was performed using the PrimeScript RT Reagent kit (Takara, Dalian, China) and qRT-PCR was performed with SYBR Green I Master (Roche) on the ABI7500 system. The qRT-PCR conditions were as follows: 95°C for 3 min, and 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 20 s. β-actin and U6 were employed as internal controls for STAT3 and miR-29a, respectively. The primer sequences are listed in [Table 2](#t0002){ref-type="table"}. The relative expression level of specific genes was calculated by the 2^--ΔΔCt^ method. Table 2The Sequences of Specific PrimersName of PrimerSequencesmiR-29a-forward5′-CTAGCACCATCTGAAATCGGTTA-3′miR-29a-reverse5′-TGATTGGCTA AAGTCTACCAC-3′U6-forward5′-CTCGCTTCGGCAGCACATATACT-3′U6-reverse5′-ACGCTTCACGAATTTGCGTGTC-3′STAT3-forward5′-CAACAGCCGCCGTAGTGA-3′STAT3-reverse5′-CAGGCCCTAGGAGCTTCT-3′β-actin-forward5′-CCACTCCAGGAATGAAGG-3′β-actin-reverse5′-AGCAGTCTCATTCCAAGC-3′

3-(4,5-Dimethyl-2-Thiazolyl)-2,5-Diphenyl-2-H-Tetrazolium Bromide (MTT) Assay {#s0002-s2009}
-----------------------------------------------------------------------------

Cells were seeded into 6-well plates at a density of 5 × 10^3^ cells/well. After culturing for 24, 48, and 72 h, cells were incubated with 10 μL MTT solution (5 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) for 3 h at 37°C. DMSO (100 μL) was used to terminate the reaction. The optical density (OD) value at 490 nm wavelength was measured using a microplate reader. A cell proliferation curve was plotted based on the OD values at each time point.

Wound-Healing Assay {#s0002-s2010}
-------------------

Cell migration was detected by the wound-healing assay. Briefly, cells were seeded into 6-well plates and cultured until 80% confluency. Scratches were then made on the cell monolayer using 200 μL pipette tips. The migration distance was measured using an inverted microscope (IX71; Olympus, Japan) at 0 and 24 h post scratching.

Transwell Assay {#s0002-s2011}
---------------

A transwell chamber (8.0 µm pore size; Costar) was applied to detect the invasion of HCC cells. The surface of the upper chamber was coated with Matrigel (Corning). RPMI-1640 medium (500 μL) was placed in the upper chamber and RPMI-1640 medium (500 μL) containing 10% FBS was added into the lower chamber. The cell suspension (5 × 10^4^ cells/mL) was then inoculated into the upper chamber and cultured for 48 h at 37°C with 5% CO~2~. Cells on the upper chamber were wiped out with cotton swabs, and cells in the lower chamber were fixed in 4% paraformaldehyde and stained with 0.5% crystal violet. The number of invaded cells were counted in five random fields under a microscope.

Western Blotting {#s0002-s2012}
----------------

Total protein was isolated from cells using radioimmunoprecipitation assay buffer and quantified using the bicinchoninic acid method. Equal amounts of proteins were separated on 10% sodium dodecyl sulfate-polyacrylamide gels and then transferred onto a polyvinylidene fluoride (PVDF) membrane. Subsequently, the PVDF membrane was blocked with 5% fat-free milk for 1 h at 25°C and incubated with specific primary antibodies against STAT3 (1:1000; SAB4502078; Sigma-Aldrich), matrix metalloproteinase (MMP)-2 (1:1000; 40,994; Cell Signaling Technology), MMP-9 (1:1000; 13,667; Cell Signaling Technology), and β-actin (1:1000; 3700; Cell Signaling Technology) at 4°C overnight. After washing three times with TBST for 10 min each, the membrane was incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (1:5000; 14708s; Cell Signaling Technology) for 1 h at 25°C. The protein bands were visualized using enhanced chemiluminescence reagent and the gray value was determined using an imaging system (Bio-Rad).

Establishment of a Xenograft Tumor Mouse Model {#s0002-s2013}
----------------------------------------------

SK-Hep-1 cells subcultured 3--4 times were trypsinized and suspended in serum-free medium. The cell suspension (1.0 × 10^7^ cells/mL) was then subcutaneously injected into the right flank of mice. When the tumor volume reached 70--80 mm^3^, mice were given different doses of XJR by gavage. The tumor volume was measured every three days for three weeks, and calculated using the following formula: V (mm^3^) = (a×b^2^)/2 (a represents the longest diameter and b represents the shortest diameter). After the last measurement, mice were sacrificed by cervical dislocation, and the tumor xenograft was removed and weighed. The inhibition rate (%) was calculated as follows: (1 -- tumor weight of treatment group/tumor weight of control group) × 100%. All animal experiments were performed at the animal experiment center of Kunming Municipal Hospital of Traditional Chinese Medicine, and were approved by the Institutional Animal Care and Use Ethics Committee.

Statistical Analysis {#s0002-s2014}
--------------------

All data were presented as mean ± standard deviation (SD) and were analyzed using SPSS 23.0 (SPSS, Chicago, IL, USA) and GraphPad Prism 7.0 (GraphPad Software, San Diego, CA, USA). Comparisons between two groups were made by *t*-test. Differences among multiple groups were determined by one-way analysis of variance (ANOVA) followed by Tukey's multiple comparisons test. Pearson's correlation analysis was utilized to examine the relationship between miR-29a and STAT3 expression in HCC. p \< 0.05 was considered statistically significant. Each experiment was performed in triplicate.

Results {#s0003}
=======

miR-29a Expression Was Significantly Decreased in HCC Tissues and Cells {#s0003-s2001}
-----------------------------------------------------------------------

The expression of miR-29a was significantly lower in HCC tissues than in normal tissues ([Figure 1A](#f0001){ref-type="fig"}). The expression of miR-29a was significantly lower in tumors with lymph node (LN)-metastasis than in tumors without LN-metastasis ([Figure 1B](#f0001){ref-type="fig"}), as well as in tumors at III--IV stage than in tumors at I--II stage ([Figure 1C](#f0001){ref-type="fig"}). In addition, the expression of miR-29a was significantly decreased in HCC cell lines compared with that in human normal liver cell line LO2 ([Figure 1D](#f0001){ref-type="fig"}). These results indicated that miR-29a might act as a tumor suppressor in HCC.Figure 1The expression of miR-29a was down-regulated in HCC tissues and cells. (**A**) The expression of miR-29a was detected in HCC tissues (n =40) and normal tissues (n = 40) by qRT-PCR. \*\*P \< 0.01 vs Normal. (**B**) The expression of miR-29a was detected in HCC tissues with or without LN-metastasis by qRT-PCR. \*\*P \< 0.01 vs non-LN metastasis. (**C**) The expression of miR-29a was detected in HCC tissues at TNM stage I--II or III--IV by qRT-PCR. \*P \< 0.05 vs I--II stage. (**D**) The expression of miR-29a was detected in HCC cell lines and normal cell line LO2 by qRT-PCR. \*P \< 0.05 vs LO2. The experiment was repeated three times, and the data were presented as mean ± SD.

XJR Treatment Elevated miR-29a Expression, and Inhibited the Viability, Migration, and Invasion of HCC Cells {#s0003-s2002}
------------------------------------------------------------------------------------------------------------

In order to explore the effects of XJR on the expression of miR-29a and the malignant behavior of HCC cells, SK-Hep-1 and Hep3B cells were treated with different concentrations of XJR. As shown in [Figure 2A](#f0002){ref-type="fig"}, qRT-PCR analysis demonstrated that XJR treatment increased the expression of miR-29a in a concentration-dependent manner. In addition, MTT assay revealed that XJR treatment significantly inhibited cell viability in a dose-dependent manner ([Figure 2B](#f0002){ref-type="fig"}). Compared with that in the blank group, the migration of HCC cells was suppressed in the LD, MD, and HD groups, and the migration rate was the lowest in the HD group ([Figure 2C](#f0002){ref-type="fig"}). Consistently, the transwell invasion assay showed that the invasion of HCC cells was significantly alleviated by XJR treatment in a dose-dependent manner ([Figure 2D](#f0002){ref-type="fig"}). In addition, the protein expression of MMP-2 and −9 was significantly decreased by XJR treatment, especially in the HD group ([Figure 2E](#f0002){ref-type="fig"}). These findings indicated that XJR promoted miR-29a expression and HCC development.Figure 2Effects of XJR on the expression of miR-29a, and the proliferation, migration, and invasion of HCC cells. (**A**) The expression of miR-29a was detected in XJR-treated HCC cells (SK-Hep-1 and Hep3B) by qRT-PCR. (**B**) The viability of XJR-treated HCC cells was detected by MTT assay. (**C**) The migration of XJR-treated HCC cells was detected by wound-healing assay (Magnification ×200). (**D**) The invasion of XJR-treated HCC cells was detected by transwell assay (Magnification ×400). (**E**) The protein expression of MMP-2 and −9 in XJR-treated HCC cells was detected by Western blot. \*P \< 0.05 vs Blank; ^\#^P \< 0.05 vs LD; ^&^P \< 0.05 vs MD. The experiment was repeated three times, and the data were presented as mean ± SD.

The Regulatory Role of miR-29a in HCC Cell Viability, Migration, and Invasion {#s0003-s2003}
-----------------------------------------------------------------------------

Next, to assess the biological function of miR-29a in HCC cells, SK-Hep-1 and Hep3B cells were transfected with miR-29a mimics and inhibitor. qRT-PCR analysis showed that miR-29a expression was remarkably increased and decreased after transfection with miR-29a mimics and inhibitor, respectively ([Figure 3A](#f0003){ref-type="fig"}). Furthermore, cell viability was significantly decreased in the miR-29a mimics group compared with that in the mimics NC group, but significantly increased in the miR-29a inhibitor group compared with that in the inhibitor NC group ([Figure 3B](#f0003){ref-type="fig"}). Wound-healing and transwell assays showed that cell migration and invasion were significantly decreased by transfection with miR-29a mimics, but significantly increased by transfection with miR-29a inhibitor ([Figure 3C](#f0003){ref-type="fig"} and [D](#f0003){ref-type="fig"}). In addition, the protein expression of MMP-2 and −9 was significantly decreased by transfection with miR-29a mimics, but increased by transfection with miR-29a inhibitor ([Figure 3E](#f0003){ref-type="fig"}). Collectively, these data suggested that miR-29a suppressed the viability, migration, and invasion of HCC cells.Figure 3Overexpression of miR-29a inhibited the progression of HCC. (**A**) The expression of miR-29a was detected in HCC cells (SK-Hep-1 and Hep3B) transfected with miR-29a mimics/inhibitor by qRT-PCR. (**B**) The viability of HCC cells transfected with miR-29a mimics/inhibitor was detected by MTT assay. (**C**) The migration of HCC cells transfected with miR-29a mimics/inhibitor was detected by wound-healing assay (Magnification ×200). (**D**) The invasion of HCC cells transfected with miR-29a mimics/inhibitor was detected by transwell assay (Magnification ×400). (**E**) The protein expression of MMP-2 and −9 in HCC cells transfected with miR-29a mimics/inhibitor was detected by Western blot. \*\*P \< 0.01 vs Mock; ^\#\#^P \< 0.01 vs Mock. The experiment was repeated three times, and the data were presented as mean ± SD.

Down-Regulation of miR-29a Reversed the XJR-Induced Inhibitory Effects on Cell Malignant Behaviors {#s0003-s2004}
--------------------------------------------------------------------------------------------------

To investigate the potential correlation between XJR and miR-29a in HCC progression, functional experiments were performed in SK-Hep-1 cells. As shown in [Figure 4A](#f0004){ref-type="fig"}, the increase in miR-29a expression in the HD treatment group was significantly inhibited by transfection with miR-29a inhibitor. Similarly, the XJR-induced inhibitory effects on the viability, migration, and invasion of SK-Hep-1 cells in the HD group were significantly reversed by transfection with miR-29a inhibitor ([Figure 4B](#f0004){ref-type="fig"}--[D](#f0004){ref-type="fig"}). In addition, down-regulation of miR-29a significantly reversed the XJR-induced increase in MMP-2 and −9 protein expression in the HD group ([Figure 4E](#f0004){ref-type="fig"}). Taken together, our data suggest that down-regulation of miR-29a can reverse the anti-tumor effect of HD XJR on SK-Hep-1 cells.Figure 4Silencing of miR-29a reversed the anti-tumor effect of XJR HD on SK-Hep-1 cells. (**A**) The expression of miR-29a was detected in miR-29a inhibitor-transfected SK-Hep-1 cells by qRT-PCR. (**B**) The viability of miR-29a inhibitor-transfected SK-Hep-1 cells was detected by MTT assay. (**C**) The migration of miR-29a inhibitor-transfected SK-Hep-1 cells was detected by wound-healing assay (Magnification ×200). (**D**) The invasion of miR-29a inhibitor-transfected SK-Hep-1 cells was detected by transwell assay (Magnification ×400). (**E**) The protein expression of MMP-2 and −9 in miR-29a inhibitor-transfected SK-Hep-1 cells was detected by Western blot. \*\*P \< 0.01 vs inhibitor NC; ^\#\#^P \< 0.01 vs inhibitor NC + HD. The experiment was repeated three times, and the data were presented as mean ± SD.

STAT3 Was a Target of miR-29a {#s0003-s2005}
-----------------------------

A direct binding site between miR-29a and STAT3 was predicated by TargetScan ([Figure 5A](#f0005){ref-type="fig"}). In order to identify the correlation between miR-29a and STAT3, luciferase reporter gene and RNA pull-down assays were performed. The luciferase reporter gene assay showed that luciferase activity was significantly lower in cells co-transfected with STAT3-WT and miR-29a mimics than in cells co-transfected with STAT3-WT and NC-mimics ([Figure 5B](#f0005){ref-type="fig"}). RNA pull-down assay showed that STAT3 expression was higher in the Bio-miR-29a-WT group than in the Bio-NC group ([Figure 5C](#f0005){ref-type="fig"}). In addition, STAT3 expression was found to be significantly higher in HCC tissues than in normal tissues ([Figure 5D](#f0005){ref-type="fig"}). Moreover, STAT3 expression was significantly higher in HCC cells than in LO2 cells ([Figure 5E](#f0005){ref-type="fig"}). Linear regression analysis showed that STAT3 expression was negatively associated with miR-29a expression in HCC tissues ([Figure 5F](#f0005){ref-type="fig"}). In summary, STAT3 was identified as a direct target of miR-29a in HCC.Figure 5STAT3 was negatively correlated with miR-29a. (**A**) The putative binding site between STAT3 and miR-29a. (**B**) Luciferase reporter assay. \*P \< 0.05 vs NC-mimics. (**C**) RNA pull-down assay. \*P \< 0.05 vs Bio-NC. (**D**) The mRNA expression of STAT3 was detected in HCC tissues and normal tissues by qRT-PCR. \*\*P \< 0.01 vs Normal. (**E**) The mRNA expression of STAT3 was detected in HCC cell lines and normal cell line LO2 by qRT-PCR. \*\*P \< 0.01 vs LO2. (**F**) A negative correlation between STAT3 and miR-29a was identified in HCC tissues by Pearson correlation assay. The experiment was repeated three times, and the data were presented as mean ± SD.

Down-Regulation of miR-29a Reversed the Suppressive Effect of Si-STAT3 on HCC Cells {#s0003-s2006}
-----------------------------------------------------------------------------------

Because STAT3 was identified as a direct target of miR-29a, we assumed that treatment with miR-29a inhibitor would inhibit HCC progression through negatively regulating STAT3. To validate this hypothesis, SK-Hep-1 cells were transfected with siSTAT3-1 and siSTAT3-2 to down-regulate STAT3 expression. Western blot analysis revealed that the protein expression of STAT3 was significantly decreased in SK-Hep-1 cells by transfection with siSTAT3-1 and siSTAT3-2 ([Figure 6A](#f0006){ref-type="fig"}). siSTAT3-2 with relatively high silencing efficiency was used for further experiments. Transfection with siSTAT3-2 significantly inhibited the viability, migration, and invasion of SK-Hep-1 cells; however, transfection with miR-29a inhibitor significantly reversed these effects ([Figure 6B](#f0006){ref-type="fig"}--[D](#f0006){ref-type="fig"}). In addition, the protein expression of MMP-2 and −9 was significantly decreased by transfection with siSTAT3-2, but this effect was attenuated by transfection with miR-29a inhibitor ([Figure 6E](#f0006){ref-type="fig"}). These results indicated that the inhibitory effects of siSTAT3-2 on cell viability, migration, and invasion were reversed by miR-29a inhibitor.Figure 6Silencing of miR-29a reversed the anti-tumor effect of STAT3 silencing on SK-Hep-1 cells. (**A**) The protein expression of STAT3 was detected in siSTAT3-1/2-transfected SK-Hep-1 cells by qRT-PCR. \*\*P \< 0.01 vs Mock. (**B**) The viability of SK-Hep-1 cells transfected with miR-29a inhibitor and/or siSTAT-2 was detected by MTT assay. (**C**) The migration of SK-Hep-1 cells transfected with miR-29a inhibitor and/or siSTAT-2 was detected by wound-healing assay (Magnification ×200). (**D**) The invasion of SK-Hep-1 cells transfected with miR-29a inhibitor and/or siSTAT-2 was detected by transwell assay (Magnification ×400). (**E**) The protein expression of MMP-2 and −9 in SK-Hep-1 cells transfected with miR-29a inhibitor and/or siSTAT3-2 was detected by Western blot. \*\*P \< 0.01 vs inhibitor NC + si-NC; ^\#^P \< 0.05, ^\#\#^P \< 0.01 vs inhibitor NC + siSTAT3-2. The experiment was repeated three times, and the data were presented as mean ± SD.

XJR Inhibited Tumor Growth in Mice {#s0003-s2007}
----------------------------------

The effects of different concentrations of XJR on HCC development in vivo were analyzed in mice. Results showed that tumor volume and weight were significantly decreased by XJR treatment in a dose-dependent manner ([Figure 7A](#f0007){ref-type="fig"} and [B](#f0007){ref-type="fig"}). Besides, the tumor inhibition rate was significantly increased with increasing concentrations of XJR ([Figure 7C](#f0007){ref-type="fig"}). In addition, the expression of miR-29a was significantly increased, and the protein expression of STAT3 was significantly decreased by treatment with XJR in a dose-dependent manner ([Figure 7D](#f0007){ref-type="fig"} and [E](#f0007){ref-type="fig"}). These results indicated that XJR suppressed tumor growth in mice via regulating miR-29a and STAT3.Figure 7XJR inhibited the tumor growth in mice. (**A**) Tumor volume. (**B**) Tumor weight. (**C**) Inhibition rate. (**D**) The expression of miR-29a was detected in tumor tissues in mice by qRT-PCR. (**E**) The protein expression of STAT3 was detected in tumor tissues in mice by Western blot. \*P \< 0.05 vs Blank; ^\#^P \< 0.05 vs LD; ^&^P \< 0.05 vs MD. The experiment was repeated three times, and the data were presented as mean ± SD.

Discussion {#s0004}
==========

HCC, the most common type of liver cancer, is a public health risk due to its high occurrence rate and unfavorable outcomes.[@cit0026] Most cases of HCC have been reported in developing countries, and China is the most high-risk region of HCC in the world.[@cit0027] TCM exerts anti-tumor effects at multiple levels through systematic regulation of the body, such as suppressing and killing tumor cells, regulating immune function, improving symptoms and signs, and reducing radiochemotherapy-related toxicity.[@cit0011] XJR, identified by Professor Zhongying Zhou at Nanjing University of Traditional Chinese Medicine, exhibits satisfactory anti-tumor effect and has been used in clinical practice in China for many years. In this study, XJR-containing serum was prepared to simulate the environment of drug intervention in vivo. The inhibitory effects of XJR on HCC were then evaluated in HCC cells and mouse model. In vitro experiments showed that XJR treatment inhibited the viability, migration, and invasion of HCC cells. The anti-tumor effect of XJR was gradually increased with increasing concentration. In vivo experiments showed that XJR treatment significantly suppressed tumor growth in mice in a dose-dependent manner. These findings illustrate the anti-tumor role of XJR in HCC. However, some active ingredients in the serum may affect the efficacy evaluation. Furthermore, it is necessary to determine the effective drug concentration in the serum to eliminate the complexity of serum administration.

In this study, XJR-treated HCC cells displayed increased expression of miR-29a. Previously, Wang et al demonstrated that miR-29a inhibited the proliferation and migration of HCC cells through down-regulating the expression of IGF1R.[@cit0028] In addition, Kogure et al showed that miR-29a is involved in the epigenetic regulation of transforming growth factor-β-induced epithelial-to-mesenchymal transition in HCC.[@cit0029] Here, to verify the regulatory role of miR-29a in HCC, the expression of miR-29a was detected in 40 patients with HCC and 40 healthy volunteers. The results showed that miR-29a expression was significantly decreased in HCC tissues. Moreover, down-regulation of miR-29a was associated with LN metastasis and tumor node metastasis (TNM) stages. As expected, overexpression of miR-29a inhibited the proliferation, migration, and invasion of HCC cells, while silencing of miR-29a promoted the cell malignant behaviors. These data are consistent with previous data on the anti-cancer effects of miR-29a in HCC.[@cit0030]--[@cit0032] Furthermore, silencing of miR-29a reversed the inhibitory effects of HD XJR on the proliferation, migration, and invasion of HCC cells. These results indicate that XJR may inhibit HCC tumorigenesis through up-regulation of miR-29a.

The regulatory effect of miRNAs on tumorigenesis is usually mediated by interacting with target genes. In this study, the potential targets of miR-29a were predicated using TargetScan. STAT3 was identified as a direct target of miR-29a in HCC. STAT3, an important transcription factor, plays a vital role in tumorigenesis.[@cit0033],[@cit0034] Numerous studies have confirmed that STAT3 can induce cancer development via DNA methylation and modulation of chromatin topology.[@cit0035] Over the past decades, STAT3 has been widely used as a therapeutic target for HCC treatment. For instance, STAT3-blocked whole-cell hepatoma vaccine has been shown to elicit cellular and humoral immune responses against HCC.[@cit0036] Moreover, STAT3 was shown to markedly aggravate epithelial-to-mesenchymal transition and migration in HCC cells.[@cit0037] Additionally, STAT3 mediates HCC metastasis through regulating HOXD-AS1.[@cit0038] In this study, luciferase reporter gene and RNA pull-down assays validated the interaction between STAT3 and miR-29a in HCC cells. Pearson's correlation analysis showed that STAT3 expression was negatively correlated with miR-29a expression. In addition, down-regulation of STAT3 inhibited HCC cell viability, migration, and invasion; however, these anti-tumor effects were reversed by treatment with miR-29a inhibitor. These results indicate that miR-29a may inhibit HCC tumorigenesis by down-regulating the expression of STAT3.

Conclusions {#s0005}
===========

In conclusion, XJR treatment effectively inhibited HCC cell proliferation, migration, and invasion in vitro and suppressed tumor growth in vivo through regulating miR-29a and STAT3 expression. These data suggest that XJR may serve as a promising drug for the treatment of HCC. Furthermore, our findings provide insights into the anti-tumor role of XJR in HCC as well as its underlying mechanism of action.

Abbreviations {#s0006}
=============

HCC, Hepatocellular carcinoma; XJR, Xiaoai Jiedu Recipe; qRT-PCR, Quantitative real-time polymerase chain reaction; LN, Lymph node; TCM, Traditional Chinese medicine; STAT3, Signal transducer and activator of transcription 3; OD, Optical density.
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